Tomato Tomato Transformation. The prosystemin expression construct was introduced into Agrobacterium tumefaciens strain LA 4404 and was used to transform tomato (var. Better Boy) cotyledon tissue as previously described (10) .
wounding or chemical inducers. The transgenic plants were also stunted, although they appeared normal in all other respects. Grafting the upper half (scion) of an untransormed tomato plant onto the lower half (root stock) of a tomato plant expressing the prosystemin transgene resulted in the constitutive expression of proteinase inhibitor proteins in the leaves of both the transformed root stock and the untransformed scion, demonstrating that expression of the prosystemin trangne generates a mobile wound signal. These results show that systemic signal propagation in the bransgenic plants does not require wounding, and they support the proposed role of systemin as the mobile wound signal.
Proteinase inhibitor proteins are produced by plants in re- sponse to pest or pathogen attacks (1) and have been shown to have a defensive role against herbivorous insects (2, 3) . In tomato plants (Lycopersicon esculentum), members of two proteinase inhibitor families, inhibitor I and inhibitor II, are synthesized both locally and systemically in leaves in response to mechanical wounding-for example, the damage caused by chewing insects (1) . The systemic response involves a complex signaling pathway that is initiated by the release of a mobile signal from the wound site (4) .
Several mobile wound signals have been proposed, including abscisic acid (5), oligouronides (6) , electrical activity (7), and an 18-amino acid polypeptide called systemin (8) , which is derived from a 200-amino acid precursor called prosystemin (9) . The polypeptide is a primary candidate for the role of systemic signal for several reasons: it activates the expression of inhibitor I and II genes when supplied to excised young tomato plants; when applied to the wound site, radiolabeled systemin moved out of the wounded leaf at approximately the same rate as the endogenous wound signal and could be recovered from phloem exudates within this time frame (8) ; and an antisense prosystemin gene expressed in transformed tomato plants severely reduced systemic inhibitor I and inhibitor II synthesis in response to wounding (9) .
In this report we show that expression of a prosystemin transgene in tomato plants generates a systemic signal, which constitutively induces the synthesis of high levels of proteinase inhibitor proteins in unwounded leaves. Untransformed scions that were grafted onto transgenic root stocks constitutively synthesized large amounts of proteinase inhibitors I and II in response to the prosystemin transgene expressed in the root stocks. These results support the proposed role of systemin as the mobile wound signal.
MATERIALS AND METHODS
Construction of a Prosystemin Transgene. The 5' end of an 800-bp fragment of a prosystemin cDNA (9) , encoding amino acids Tomato Transformation. The prosystemin expression construct was introduced into Agrobacterium tumefaciens strain LA 4404 and was used to transform tomato (var. Better Boy) cotyledon tissue as previously described (10) .
Grafting Experiments. Plants (Better Boy) were used 5-6 weeks after germination. The 16 -day-old plants, which were wounded on the lower of the two primary leaves and left under constant illumination for 24 hr. The levels of proteinase inhibitor I and inhibitor II were measured as described (11, 12) . tTo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. DNA and RNA Analysis. Nick-translation was performed according to the instructions of the kit manufacturer (DuPont). Hybridizations were carried out at 42°C in 50% (vol/ vol) formamide as described (13 An estimate of the relative levels of prosystemin mRNA in the transgenic plants and in untransformed plants was obtained by using the prosystemin cDNA to probe a Northern blot of total RNA samples extracted from five transgenic plants and from five untransformed plants (Fig. 1B) . The transgenic prosystemin mRNA and the endogenous prosystemin mRNA could not be distinguished on the basis of size, and both appear as a single band of approximately 1 kb on a Northern blot. While the levels of prosystemin mRNA were not quantified, it is apparent that the levels in the transgenic plants (Fig. 1B, lower gel) are much higher than in the untransformed, control group (Fig. 1B, upper gel) . Fig. 2 shows the constitutive and wound-induced levels of proteinase inhibitors in the leaves of 14-day-old tomato plants expressing the prosystemin transgene. Prior to wounding, the transgenic plants expressed inhibitor I at a mean level of 87 ± 7 pg/ml of leafjuice and inhibitor II at a mean level of 75 * 7 ,ug/ml of leaf juice, while the control plants did not express either proteinase inhibitor (Fig. 2 Top) . In response to wounding, the levels of inhibitors I and II increased approximately 2.5-fold in both the wounded and opposite leaves of the transgenic plants (Fig. 2 Middle and Bottom). Expression ofthe prosystemin transgene does not, therefore, maximally induce proteinase inhibitor synthesis in these relatively young tomato plants, since wounding further increased the levels of proteinase inhibitors.
Measurement ofproteinase inhibitor I and II proteins in the transgenic plants over a period of 6 weeks after planting revealed that the levels of both inhibitors increased steadily over time in the lower leaves (Fig. 3 Upper), while the levels in the upper, younger, leaves changed little between 2 and 4 weeks and then increased dramatically between 4 and 6 weeks ( .Q -600- (14) . The expenditure of energy and amino acids required to continuously produce such large amounts of proteinase inhibitors may account for the stunted appearance of the transgenic plants (Fig. 4) . It is also possible that the transgenic plants are overexpressing other proteins which are regulated by systemin or by other biologically active peptides derived from prosystemin. These plants may, therefore,
The observation that tomato plants expressing the prosystemin transgene constitutively synthesize proteinase inhibitors was surprising, since the low level ofconstitutive prosystemin expression normally observed in untransformed tomato plants regulates the wound-induced expression of proteinase inhibitors (9) but is not associated with constitutive synthesis of proteinase inhibitors. We propose that prosystemin is normally synthesized and then processed, and the mature systemin is sequestered until it is released in response to wounding. The relatively large amount of systemin produced in the transgenic plants may saturate the storage mechanism, resulting in the continuous release of systemin from the cells in which it is synthesized.
On the other hand, it is possible that prosystemin and the processing enzyme(s) responsible for releasing systemin may be produced in different cell types, mixing of the two normally occurring as a consequence of wounding. Transgenic prosystemin production is under the control ofthe 35S CaMV promoter, which should be active in every cell type, including cells producing processing enzyme(s). In this case, wounding would not be required to expose prosystemin to the processing enzyme(s) and systemin would be continuously released. Another, related, possibility is that the synthesis of prosystemin may be cell-type-specific, and the expression of the transgene in cells throughout the plant might result in abnormal processing and release of systemin, involving proteinases to which prosystemin is not normally exposed. A better understanding of the normal fate of prosystemin will be required to fully explain the phenotype of these transgenic plants.
We were unable to directly test our assumption that tissues expressing the prosystemin transgene continuously release processed systemin, as we do not yet have a reliable assay to measure the level of systemin in plants. We were able to indirectly test this assumption, however, by performing a simple grafting experiment to demonstrate that tissue expressing the prosystemin transgene releases a mobile wound signal. The upper halves of three untransformed tomato plants were removed and were used as scions for graffing onto the lower halves (the root stock) of three tomato plants expressing the untransformed scions were grafted onto untransformed root stock.
In every case the transgenic root stock systemically induced high levels of proteinase inhibitors in the untransformed scion (Table 1, plants 1, 2, and 3) . In two of the three plants (plants 2 and 3) higher levels of proteinase inhibitors were found in the leaves of the transgenic root stock than in the untransformed scions, while in plant 1 leaves of the untransformed scion produced the higher levels ofproteinase inhibitors. The control plants (4 and 5) showed a low level of proteinase inhibitor synthesis in the leaves.
The experiments reported in this paper demonstrate that expression of a prosystemin transgene in tomato plants results in the generation of a systemic signal that induces constitutive proteinase inhibitor synthesis in the leaves. Oligouronides released from plant cell walls have been proposed as mobile signals (6), but they are now known to be immobile over long distances (15) . Abscisic acid has also been proposed as a systemic signal (5), but its role in the signaling pathway is still unresolved (16) . The proposed involvement of electrical signals is largely based on a correlation between mechanical wounding and the induction of electrical activity (7), but no evidence has been presented to causally relate wound-induced propagated electrical activity to the induction of proteinase inhibitor synthesis.
The grafting experiment reported in this paper showed that the expression of a prosystemin transgene generates a systemic signal that can be propagated over long distances in the absence of wounding, thereby demonstrating that systemin plays a central role in the long-range induction of proteinase inhibitors. This result, taken together with the known mobility of systemin within the phloem (8) and the observation that an antisense prosystemin gene greatly reduces the systemic wound-induction of proteinase inhibitor synthesis (9) , is most consistent with the proposed role of systemin as the primary mobile wound signal.
